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Summary
Background: Myelinated axons are essential for rapid
conduction of action potentials in the vertebrate ner-
vous system. Of particular importance are the nodes of
Ranvier, sites of voltage-gated sodium channel cluster-
ing that allow action potentials to be propagated along
myelinated axons by saltatory conduction. Despite their
critical role in the function of myelinated axons, little is
known about the mechanisms that organize the nodes
of Ranvier.
Results:Starting with a forward genetic screen in zebra-
fish, we have identified an essential requirement for nsf
(N-ethylmaleimide sensitive factor) in the organization
of myelinated axons. Previous work has shown that
NSF is essential for membrane fusion in eukaryotes
and has a critical role in vesicle fusion at chemical syn-
apses. Zebrafish nsfmutants are paralyzed and have im-
paired response to light, reflecting disrupted nsf func-
tion in synaptic transmission and neural activity. In
addition, nsf mutants exhibit defects in Myelin basic
protein expression and in localization of sodium channel
proteins at nodes of Ranvier. Analysis of chimeric larvae
indicates that nsf functions autonomously in neurons,
such that sodium channel clusters are evident in wild-
type neurons transplanted into the nsf mutant hosts.
Through pharmacological analyses, we show that neural
activity and function of chemical synapses are not re-
quired for sodium channel clustering and myelination
in the larval nervous system.
Conclusions: Zebrafish nsf mutants provide a novel
vertebrate system to investigate Nsf function in vivo.
Our results reveal a previously unknown role for nsf,
independent of its function in synaptic vesicle fusion,
in the formation of the nodes of Ranvier in the vertebrate
nervous system.
Introduction
Myelin is an evolutionary adaptation that is necessary
for rapid transmission of action potentials in verte-
brates. Specialized glial cells—Schwann cells in the pe-
ripheral nervous system (PNS) and oligodendrocytes in
the central nervous system (CNS)—repeatedly wrap
their membranes around axons and form a densely
compacted myelin sheath. Voltage-gated sodium chan-
nels are clustered at high concentrations within the
nodes of Ranvier, periodic discontinuities in the myelin
*Correspondence: talbot@cmgm.stanford.edusheath where the axolemma is exposed to the extracel-
lular environment [1]. Action potentials are propagated
along axons at these nodes via saltatory conduction,
which is much more efficient than continuous conduc-
tion in unmyelinated axons [1]. Because disruptions in
myelin can lead to a range of neurological disorders,
including multiple sclerosis, an understanding of mech-
anisms governing the form and function of myelinated
axons is of clinical importance.
Numerous studies have suggested that signaling be-
tween neurons and glia is essential for myelination and
node formation [1–3]. Data regarding other potential
modulators of myelination, such as activity of the neu-
rons themselves, are less clear. Depending on experi-
mental conditions and organisms used, studies investi-
gating possible relationships between neural activity
and myelination in the CNS give contrasting results
(reviewed in [4]), some indicating that neural activity en-
hances myelination and influences node formation [5],
while others report that activity has no detectable effect.
Fewer studies have focused on how neural activity may
influence myelination in the PNS. In cultured cells, axons
firing at low frequencies, but not those that are inactive
or firing at faster frequencies, can delay Schwann cell
differentiation in vitro [6, 7]. Because these studies
were performed in cultured cells, and with a fairly spe-
cific range of axon firing rates, their relevance to physi-
ological conditions is not firmly established. Less is
known about possible roles of neural activity in regulat-
ing the organization of myelinated axons. There is some
evidence that conduction velocities of certain myelin-
ated axons are precisely tuned to coordinate signals
coming from or going to different locations, suggesting
that neural activity may feed back on axonal structure to
modulate conduction velocity by regulating parameters
such as axon diameter, myelin thickness, or node spac-
ing [8]. Additional analysis of myelination in vivo will al-
low a more complete understanding of the relationship
between neural activity and the organization of myelin-
ated axons under physiological conditions.
To better understand the genetic mechanisms
controlling the development of myelinated axons, we
undertook a genetic screen for zebrafish mutants with
abnormal myelin gene expression (H.-M.P., N. Stern-
heim, B. Diamond, D.A.L., I.G.W., and W.S.T., unpub-
lished data). We show here that two mutations identified
in our screen disrupt the zebrafish ortholog of N-ethyl-
maleimide sensitive factor (NSF), a protein essential
for membrane fusion [9, 10]. NSF plays a key role in
the nervous systems of both invertebrates and verte-
brates by facilitating proper fusion of neurotransmitter-
containing vesicles at synaptic termini, thereby allowing
communication between neurons via chemical synaptic
transmission [11–15]. Further studies have identified
numerous binding partners for NSF aside from proteins
acting in general membrane fusion. These studies have
uncovered fusion-independent roles for NSF, the best
characterized of which is the stabilization of the
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637Figure 1. Reduced Expression of Myelin Ba-
sic Protein in st25 and st53
(A and B) Images of double-label antibody
staining preparations from the PLLn in larvae
of the indicated genotypes at 5 dpf. Mutant
larvae exhibited Mbp expression along nerve
fibers that are thinner than in wild-type larvae.
Mbp expression alone is shown below each
corresponding double-label antibody image.
(C and D) Images of double-label antibody
staining preparations from a motor nerve in
larvae of the indicated genotypes at 5 dpf.
Mutant larvae exhibited thin motor nerves
that lacked Mbp expression. Mbp expression
alone is shown below each corresponding
double-label antibody image. The arrowhead
in (C) marks a gap in Mbp expression at a pu-
tative node of Ranvier.
(E–H) Images of double-label antibody stain-
ing preparations from the spinal cord in
larvae of the indicated genotypes at 5 dpf.
Dorsal expression of Mbp, indicated by
arrowheads in wild-type siblings (E, G), was
absent in both mutants (F, H), and st53 mu-
tants (H) also lacked expression in the ventral
spinal cord. Mbp expression alone is shown
below each corresponding double-label anti-
body image. Scale bars equal 10 mm.glutamate receptor subunit GluR2 at postsynaptic mem-
branes (reviewed in [16]). As analyses of additional NSF
binding partners are undertaken, the scope of NSF-
associated activities apart from membrane fusion will
likely be broadened further.
In addition to their myelination phenotypes, the zebra-
fish nsf mutants identified in our screen also show de-
fects associated with lack of neural activity. Through
pharmacological experiments, we show that neither ac-
tion potentials nor chemical synaptic transmission is re-
quired for myelination or sodium channel clustering in
zebrafish. In addition, analysis of genetic chimeras indi-
cates that clustering of sodium channels at the nodes of
Ranvier requires nsf function in neurons. Our data pro-
vide a new vertebrate loss-of-function model for NSF
and demonstrate that nsf possesses a previously un-
recognized neuronal role in myelination and node for-
mation.
Results
st25 and st53 Mutations Disrupt Development
of Myelinated Axons
To better understand the molecular mechanisms under-
lying myelination, we undertook a forward genetic
screen for zebrafish mutants with disrupted expression
of myelin basic protein (mbp), which labels myelinatingglial cells in zebrafish larvae (H.-M.P., N. Sternheim, B.
Diamond, D.A.L., I.G.W., and W.S.T., unpublished data,
[17]). Two of the mutations found in this screen, st25
and st53, exhibited defects in mbp expression in glial
cells of both the PNS and CNS (see Figure S1 in the Sup-
plemental Data available with this article online). Map-
ping and complementation studies indicated that these
two mutations disrupt the same gene (see below).
Immunofluorescence analyses with anti-Mbp anti-
bodies revealed that a reduced level of Mbp was present
in the posterior lateral line nerve (PLLn, Figures 1A and
1B). Mbp expression associated with motor nerves
(MNs) was disrupted to a much greater extent in mutants
(Figures 1C and 1D). Analysis of foxd3::gfp transgenic
embryos, which express GFP in Schwann cells of the
PLLn [18], indicated that Schwann cell development
was normal in the PLLn of st25 mutants through at least
48 hpf (Figure S1). By 96 hpf, a slight reduction in
foxd3::gfp expression was evident in st25 mutants (Fig-
ure S1), consistent with the reduction of Mbp in these
mutants. In addition, axonal acetylated tubulin expres-
sion is reduced in the PLLn and MN of the mutants (Fig-
ures 1B and 1D). Reduction of Mbp was also evident in
the CNS: in wild-type embryos, Mbp was present in dor-
sal and ventral tracts within the spinal cord (Figures 1E
and 1G), while st25 mutants lacked the dorsal Mbp ex-
pression (Figure 1F) and st53 mutants lacked all Mbp
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ated Axons in st25 and st53
(A–D) Images of double-label antibody stain-
ing preparations from the PLLn in larvae of
the indicated genotypes at 5 dpf. In each
panel, sodium channel (NaCh) antibody stain-
ing is shown alone below the corresponding
double-label image. Individual axons, some
of which are myelinated, are organized into
a bundle in this nerve. Wild-type embryos
showed labeling of sodium channels that
was both diffuse (arrowheads) and clustered
at discrete points along axons (arrows). Nei-
ther st25 nor st53 mutant larvae showed clus-
tering of sodium channels in the PLLn.
(E–H) Images of double-label antibody stain-
ing preparations from motor nerves (MN) in
larvae of the indicated genotypes at 5 dpf.
At this stage, these nerves consist of one or
two prominent axons usually situated be-
tween bundles of smaller axons. Wild-type
larvae exhibited sodium channel clusters in
the prominent axons (arrows) as well as dif-
fuse labeling of sodium channels in neighbor-
ing axons (arrowheads), while mutant larvae
lacked sodium channel clusters.
(I and J) FIGQY expression in PLLn of wild-
type (I) and st25 mutant (J) larvae. Wild-type
larvae exhibited both diffuse FIGQY staining
(arrowhead) and bright clusters of FIGQY
labeling (arrow), while mutants exclusively
exhibited diffuse FIGQY staining.
(K and L) Images of double-label antibody
staining preparations of motor nerves at 5
dpf. In (K), sodium channel clusters (green)
are localized at gaps in Mbp expression. In
(L), sodium channel labeling colocalizes with
FIGQY labeling at nodes of Ranvier. Scale
bars equal 10 mm.expression within the spinal cord (Figure 1H). No obvi-
ous defects were observed in axonal acetylated tubulin
expression in the CNS (Figures 1F and 1H).
To further explore the defects in myelinated axons, we
examined the nodes of Ranvier with a monoclonal anti-
body recognizing all voltage-gated sodium channels
[19]. In whole-mount imunofluorescence analysis, this
antibody labeled bright sodium channel (NaCh) clusters
along some axons in peripheral nerves and produced
diffuse staining along others (Figures 2A, 2C, 2E, and
2G). Similar results were observed in larvae labeled
with antibodies against a sequence (FIGQY) conserved
in neurofascin family adhesion molecules (Figure 2I),
some of which (NrCAM, NF186) are known to localize
to nodes in mammals [20]. Because of the colocalization
of FIGQY antigen and NaCh clusters (Figure 2L) and be-
cause the NaCh clusters are complementary in expres-
sion with markers of internodes (Figure 2K), we con-
clude that these clusters define the positions of nodes
of Ranvier along myelinated axons in larval zebrafish.
The diffuse NaCh labeling represents unclustered so-
dium channels along the surface of unmyelinated axons.
In contrast to wild-type larvae, st25 and st53 mutant lar-
vae completely lacked sodium channel and FIGQY clus-
ters, and instead exhibited diffuse labeling along thelength of all axons in the PLLn and MN (Figures 2B,
2D, 2F, 2H, and 2J). Mutant larvae also lacked sodium
channel clusters in the spinal cord (data not shown).
Background Adaptation and Motility Defects
in st25 and st53
Homozygous mutants died as early larvae and displayed
pronounced neurological defects. Mutant larvae failed
to respond to touch and had strongly reduced motility
at 5 dpf (Figures 3E–3G; Figure S2). The motility pheno-
type of st53 was more severe than that of st25, and the
motility defects in both mutants were less severe at 3
dpf. The mutants also displayed a pigmentation pheno-
type characteristic of defects in the visual system [21].
At 4–5 dpf, melanophores of wild-type zebrafish larvae
respond to the color tone of their environment by mod-
ulating their distribution of melanosomes in a process
termed background adaptation. Larvae that are unable
to perceive background tone respond as if raised in
darkness and have fully expanded melanophores. Mela-
nophore expansion was evident in both head and trunk
regions of mutant larvae (Figures 3A–3D), suggesting
that they cannot perceive or process visual stimuli.
In addition, mutant larvae failed to inflate their swim
bladders, a phenotype commonly associated with larval
nsf and Myelinated Axon Organization in Zebrafish
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(A–D) Images of live larvae at 5 dpf. Mutant homozygotes and transheterozygotes lacked swim bladders (arrows) and exhibited expanded pig-
ment (arrowheads) in head (A0–D0) and trunk (A0 0–D0 0) regions. The eyes of st53 mutants were slightly smaller than those of wild-type, st25, or
transheterozygote larvae.
(E–G) Still images from movies of larvae at 5 dpf showing motility defects in mutant homozygote and transheterozygote larvae. Time elapsed
between images is indicated.lethal mutations in zebrafish (Figures 3B–3D). Aside from
the lack of background adaptation and swim bladder in-
flation, mutant larvae appeared morphologically normal,
although the eye size was slightly reduced in some st53
mutant larvae (Figure 3C). st25/st53 transheterozygotes
also lacked swim bladders and exhibited motility de-
fects, indicating that st25 and st53 fail to complement
(Figures 3D and 3G).
Zebrafish nsf Is Disrupted by st25 and st53
By using a positional cloning approach, we identified
N-ethylmaleimide sensitive factor (nsf) as the gene dis-
rupted by the st25 and st53 mutations (Figures 4A and
4B). Sequencing identified lesions in the nsf coding re-
gion of both st25 and st53 mutants (Figure 4C). In st25,
a T to C transition is predicted to change a highly con-
served leucine to a proline, while in st53, a C to A trans-
version introduces a premature stop codon into the nsf
open reading frame (Figure 4D). Taken together, themapping experiments, the identification of lesions, and
RNA rescue experiments (see below) indicated that nsf
is disrupted by the st25 and st53mutations; accordingly,
we refer to these mutations as nsf st25 and nsfst53.
NSF is a member of the AAA ATPase family (ATPases
associated with cellular activities) [22] and has three
well-characterized functional domains: an N-terminal
(N) domain that mediates interaction of NSF with SNAPs
and SNAREs, an active ATPase domain (D1) that is re-
sponsible for its catalytic activity, and a catalytically in-
active ATPase domain (D2) that mediates assembly of
NSF monomers into a hexamer, the biologically active
form of NSF (Figure 4D; [10, 16, 23, 24]). Zebrafish Nsf
is highly conserved with NSF proteins in other verte-
brates (85% identical, 93% similar to human Nsf, Fig-
ure S3). The nsf st25 lesion is within the D2 domain, and
the predicted nsfst53 mutant protein is truncated prior
to the D2 domain (Figure 4D). The substitution of proline
for leucine at residue 630 in nsf st25 is predicted to
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640Figure 4. Positional Cloning of st25 and st53 and Rescue of the st25 and st53 Phenotype by nsf mRNA Injection
(A and B) Genetic and physical map of the st25 and st53 region of LG 3, showing BACs spanning the region, and genetic markers used to refine
the st25 interval. Sequence information was available for all BACs shown in yellow. Four polymorphisms in genes within these BACs, including
a polymorphism in nsf, showed zero recombinants with st25 among 118 meioses.
(C) Sequence traces from homozygous wild-type, st25, and st53 mutant larvae. The st25 lesion changes a conserved leucine to a proline, while
the st53 lesion introduces a premature stop codon into the open reading frame.
(D) Model of Nsf protein structure. The st25 lesion occurs in the D2 domain, while the st53 lesion introduces a premature stop in the open reading
frame prior to the D2 domain.
(E–H) Images representing double-label antibody staining preparations of the PLLn of larvae of the indicated genotypes and injection treatments
at 72 hpf. Antibodies used are acetylated tubulin (red) and the sodium channel (NaCh) antibody (green).
(E) Wild-type siblings injected with 50 pg of synthetic nsf mRNA show normal clustering of sodium channels (arrowheads) along axons.
(F) Uninjected mutant larvae lacked sodium channel clustering and exhibited diffuse labeling of sodium channels along axons.
(G and H) Mutants injected with 50 pg of synthetic nsf mRNA showed rescue of sodium channel clustering (arrowheads). Scale bar equals 10 mm.disrupt an a helix that contains residues thought to con-
tribute to stabilization of NSF-D2 protomers; in addition,
this substitution occurs immediately prior to a lysine
(residue 631) that may be important for interactions be-
tween ATP and the D2 domain [25, 26]. Moreover, addi-
tional database searches revealed that zebrafish pos-
sesses a duplicate nsf gene (nsfb, Figure S3).
Rescue of nsfst25 and nsfst53 by mRNA Injection
To obtain additional evidence that nsf is disrupted by the
nsfst25 and nsf st53 mutations, we rescued the mutants by
injecting synthetic wild-type nsf mRNA. Injection ofapproximately 50 pg of nsf RNA into wild-type embryos
did not obviously affect the number or morphology
of sodium channel clusters in the PLLn (Figure 4E).
Whereas all uninjected nsfmutants lacked sodium chan-
nel clusters in the PLLn (Figure 4F), some mutants in-
jected with approximately 50 pg of wild-type nsf mRNA
exhibited rescue of sodium channel clustering. Rescue
was more efficient for nsf st25 individuals: 85% (46 of
54) of injected nsf st25 homozygotes exhibited sodium
channel clustering in the PLLn (Figure 4G), compared
to 36% (16 of 45) of injected nsf st53 homozygotes
(Figure 4H).
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641Figure 5. Expression of nsf Examined by In Situ Hybridization
(A) Dorsal view of a flat-mount embryo at 14 somites (16 hpf) showing nsf expression in the developing forebrain region (asterisk), trigeminal
ganglia (arrowhead), and spinal cord (arrow). In addition, nsf transcripts were detectable by RT-PCR at 2 hpf, prior to the zebrafish midblastula
transition (not shown).
(B) Dorsal view of a flat-mount embryo at 20 somites (19 hpf), showing continuing expression of nsf in the forebrain (asterisk), in the trigeminal
ganglia (arrowhead) and other cranial ganglia, and in the spinal cord (arrow) along the length of the trunk and tail.
(C) Lateral view of an embryo at 30 hpf showing expression of nsf in the brain, the posterior lateral line ganglion (PLLg, arrowhead), and along the
length of the spinal cord (arrow).
(D) Dorsal view of an embryo at 30 hpf showing expression in the brain, in cranial ganglia including the PLLg (arrowhead), and bilaterally along the
spinal cord (arrow).
(E) At 48 hpf (dorsal view), nsf transcripts are visible in the eyes (asterisk), brain, and along the length of the spinal cord (arrow).
(F) Dorsal view at 72 hpf, showing expression of nsf in the eyes (asterisk) and throughout the brain.
(G) Lateral view at 72 hpf showing nsf expression in the PLLg (arrowhead). Anterior is to the left in all images.Expression of nsf in Embryonic and Larval Zebrafish
Although expression of nsf was not visible by whole-
mount in situ hybridization at early embryonic stages,
nsf mRNA was detectable throughout embryogenesis
by RT-PCR as early as 2 hpf (data not shown). Like mam-
malian Nsf [27], zebrafish nsf is primarily expressed in
the developing nervous system. At the 14 somite stage,
nsf is expressed within cells of the developing trigeminal
ganglia, anterior spinal cord, and forebrain (Figure 5A).
At 20 somites, transcripts were detectable in additional
cranial ganglia and throughout the length of the devel-
oping spinal cord (Figure 5B). By 30 hpf, nsfwas also vis-
ible in regions of the developing midbrain and hindbrain,
and in the posterior lateral line ganglia (Figures 5C and
5D). At 48 hpf, expression persisted in the spinal cord
and was present throughout most of the developing
brain and eyes (Figure 5E), while at 72 hpf, spinal cord
expression was less evident (Figures 5F and 5G). Ex-
pression in the posterior lateral line ganglia persisted
to at least 72 hpf (Figure 5G).
Sodium Channel Clustering Requires nsf Function
in Neurons
Though our analysis suggests that nsfRNA is expressed
predominantly in neurons, a previous study reported
specific localization of NSF protein to microvilli of myeli-
nating Schwann cells in mice, suggesting a possible role
for Nsf in glia [28]. To determine whether nsf function is
required in neurons or Schwann cells, we created chime-
ric embryos wherein wild-type cells were transplanted
into nsfst53 mutant embryos at early blastula stages. Infour such chimeras, sodium channel clusters were ob-
served along PLLn axons of neurons derived from wild-
type donors (Figure 6). Furthermore, no wild-type glia
were associated with these axons, and sodium channel
clusters were seen only along axons of wild-type donor
neurons. Similar autonomous rescue of sodium channel
clustering was observed in the spinal cord in three addi-
tional chimeras (data not shown). These results indicate
thatnsf functions autonomously in neurons to cluster so-
dium channels at nodes of Ranvier.
Voltage-Gated Sodium Channel Activity
Is Not Required for Myelination or Sodium
Channel Clustering
To determine whether the myelination defects observed
in the nsf mutants result from lack of general neural ac-
tivity, we injected zebrafish embryos at 26–30 hpf with
tetrodotoxin (TTX), which blocks voltage-gated sodium
channels and disrupts action potentials [29–31]. TTX-
treated larvae were paralyzed through 5 dpf (Figures
7A and 7B) and exhibited defective background
adaptation (Figure S4). In contrast to the nsf mutants,
TTX-treated larvae exhibited robust expression of Mbp
protein in almost all regions (Figures 7C–7F, Figure S4).
Expression of Mbp, however, was not evident in a small
number of motor nerves in a subset of TTX-treated lar-
vae (data not shown). Moreover, TTX-treated and con-
trol larvae exhibited a similar number of sodium channel
clusters along axons in both the PNS (Figures 7G–7K)
and CNS (not shown). In a separate experiment, em-
bryos were injected with TTX before the 8 cell stage
Current Biology
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Chimeric larvae generated by transplanting dye-labeled wild-type cells into nsf st53 mutants were analyzed to detect sodium channel proteins
(green) and the dye label (red). Sodium channel expression (A0–D0), the dye-labeled axons (A0 0–D0 0), and a merged image (A–D) are shown for
four different examples from three different chimeras. In these examples, all of the wild-type cells in the PLLn were neurons, and nodal sodium
channel clusters were evident only on wild-type axons. Arrows indicate nodal sodium channel clusters. The genotype of phenotypically mutant
host embryos was confirmed by PCR. Scale bar equals 10 mm.and assayed with markers of myelination as above;
these larvae were similar to those injected at 26–30 hpf
(data not shown).
Node Formation in the PLLn Does Not Require
Functional Hair Cells
Because NSF has a well-described and essential role in
the release of neurotransmitters at synapses [11–15], we
sought to determine whether the myelination defects in
nsf mutants were caused by disrupted communication
from presynaptic inputs. To investigate this possibility,
we analyzed node formation in the PLLn, which contains
bipolar neurons that receive synaptic inputs from hair
cells of the lateral line and send central projections to
the hindbrain. Hair cells are acutely sensitive to amino-
glycoside antibiotics such as neomycin. Low doses of
these antibiotics block hair cell function [32], whereas
higher doses of neomycin cause hair cell death [33].
To investigate the role of hair cell activity in PLLn node
formation, we treated zebrafish larvae with neomycin,
ranging in concentration from 0.5 mM, which has been
demonstrated to kill almost all hair cells in larval zebra-
fish [33], to 2 mM, a dose that is lethal for most treated
larvae by 5 dpf. Acetylated tubulin labeling of treated lar-
vae confirmed that hair cells were severely reduced or
absent (Figures 8A and 8B). Analysis of sodium channel
clustering in the PLLn of treated larvae, however, did not
reveal significant differences in cluster formation or
number at 0.5 mM neomycin or at higher doses (80 hpf:
p > 0.05; 5 dpf: 0.5 mM/p > 0.05; 1 mM/p > 0.05; 2 mM/p > 0.05; Figures 8C, 8D, and 8N), indicating that hair
cell loss did not disrupt formation of nodes in the PLLn.
Node Formation Does Not Require Chemical
Synaptic Activity
While neomycin treatment caused a strong reduction
in hair cell number, hair cells were not entirely eliminated
at high doses of neomycin (Figure 8B, [33]), leading to
the possibility of residual synaptic function. To further
investigate a potential influence of synaptic activity
upon myelination, we injected embryos with botulinum
neurotoxin B (BoNT/B), which selectively cleaves the
v-SNARE synaptobrevin and abolishes neurotransmitter
release [34] and has been shown to block chemical syn-
aptic activity in zebrafish [35]. Treated larvae were
raised to 5 dpf; 50 pg of the toxin was sufficient to induce
paralysis throughout development (Figure 8E).
Larvae treated with either 50 pg or 500 pg of toxin ex-
hibited sodium channel clusters in the PLLn at 72 hpf,
suggesting that chemical synaptic transmission is not
required for node formation. The lower dose was suffi-
cient to induce paralysis, but there was no significant re-
duction in sodium channel cluster number in the PLLn at
3 dpf (50 pg: p > 0.05, Figure 8N). At the higher dose,
which was 10 times higher than needed to induce paral-
ysis, there was a slight but significant reduction in so-
dium channel cluster number in the PLLn at 3 dpf (500
pg: p = 0.03). It is unclear whether the node reduction
at the higher dose is specific to the effects of the toxin
on chemical synaptic transmission, or if it might result
from developmental delay or poor health of treated
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(A and B) Still images from movies showing paralysis of TTX-treated larvae at 5 dpf. Time elapsed between images is indicated.
(C and D) Images from double-label antibody staining preparations showing normal Mbp expression associated with the PLLn in TTX-treated
larvae at 5 dpf. Mbp expression alone is shown below the corresponding double label image.
(E and F) Images from double-label antibody staining preparations showing normal Mbp expression in the spinal cord of TTX-treated larvae at
5 dpf. Mbp expression alone is shown below the corresponding double label image.
(G and H) Images from double-label antibody staining preparations showing normal clustering of sodium channels in motor nerves of
TTX-treated larvae. NaCh expression alone is shown below the corresponding double label image.
(I and J) Images from double-label antibody staining preparations showing normal clustering of sodium channels in the PLLn of TTX-treated lar-
vae at 5 dpf. NaCh expression alone is shown below the corresponding double label image.
(K) Quantitation of sodium channel cluster number in the PLLn of control and TTX-treated larvae at 5 dpf. Error bars denote standard deviation.
The difference in node number was not statistically significant (p > 0.05). Scale bars equal 10 mm.larvae, a subset of which exhibited slow heartbeats,
heart edemas, and reductions in head and eye size. So-
dium channel clusters were also present in motor nerves
(Figures 8H and 8I) and in the spinal cord of treated lar-
vae at 5 dpf, but heavy pigmentation along the lateral
line in treated larvae, presumably arising because of de-
fects in background adaptation, precluded quantitation
of node number at this stage. In addition, toxin-treated
larvae exhibited Mbp expression along the LLn, motor
nerves, and spinal cord (Figures 8J–8M). Moreover, toxin-
treated larvae exhibited reduced acetylated tubulinexpression in the PLLn at 5 dpf, similar to nsf mutants
(data not shown). These experiments indicate that loss
of synaptic function leads to defects in motility and
background adaptation, but does not affect myelina-
tion or clustering of sodium channels at the nodes of
Ranvier.
Neural Cell Death in nsfst25, nsfst53,
and BoNT/B-Treated Larvae
Because the PLLn was reduced in both nsf mutants
and BoNT/B larvae, we wished to assess neural cell
Current Biology
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(A and B) Acetylated tubulin labeling of hair cells in wild-type and neomycin-treated larvae at 5 dpf. Neomycin-treated larvae showed severe re-
duction of hair cells.
(C and D) Images from double-label antibody staining preparations showing normal clustering of sodium channels in the PLLn of neomycin-
treated larvae at 5 dpf.
(E) Still images from a movie showing paralysis of BoNT/B-treated larvae at 5 dpf. Time elapsed between images is shown. Toxin-treated larvae
also showed defects in background adaptation (not shown).
(F and G) Images from double-label antibody staining preparations showing normal clustering of sodium channels in the PLLn of BoNT/B-treated
larvae at 80 hpf.
(H and I) Images from double-label antibody staining preparations showing normal clustering of sodium channels in the MN of BoNT/B-treated
larvae at 5 dpf.
(J–M) Images from double-label antibody staining preparations showing normal expression of Mbp in the ALLn (J), PLLn (K), MN (L), and spinal
cord (M) of BoNT/B-treated larvae at 5 dpf. Scale bars equal 10 mm.
(N) Number of nodal sodium channel clusters in the PLLn of treated embryos at the indicated times. Error bars denote standard deviation.death under these conditions. In the PNS, we assessed
neuronal cell number by counting HuC-expressing cells
in the PLLg at 72 hpf, when sodium channels havealready begun to form clusters (Figure 4). This analysis
showed slight but not statistically significant reduc-
tions in both nsf mutants (Figure S5). Like nsf mutants,
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staining in the PLLn, but counts of HuC-labeled neurons
in the PLLg revealed no significant differences between
toxin-treated and control larvae at 72 hpf (Figure S5),
though cell number in the PLLg could not be assessed
in a subset of toxin-treated larvae because of lack of
robust HuC labeling.
In the CNS, acridine orange staining at 72 hpf de-
tected little cell death in the wild-type spinal cord in
the region adjacent to somites four through ten (Fig-
ure S5). In contrast, nsf mutants exhibited elevated
levels of cell death in similar regions. Acridine orange la-
beling also revealed increased cell death in the spinal
cord of BoNT/B-treated larvae at 3 dpf (Figure S5).
These results indicate that survival of a small number
of cells in the spinal cord requires nsf function and syn-
aptic activity. Our data therefore indicate that both nsf
and synaptic activity are required for axonal morphology
and survival of some neurons. Because BoNT/B-treated
larvae have nodal sodium channel clusters, we conclude
that the role of nsf in organizing the node of Ranvier is
independent of its function in synaptic vesicle fusion.
Discussion
By using the zebrafish model system, we have investi-
gated the organization of developing myelinated axons
in vivo. In a forward genetic screen, we have identified
two mutations in nsf that reduce the expression of mye-
lin basic protein in both the PNS and CNS of larval zebra-
fish. Moreover, nodes of Ranvier failed to form in nsf
mutants, as visualized with antibodies against voltage-
gated sodium channels and neurofascin family adhesion
molecules. Confirmation that these mutations disrupted
nsf was provided by identification of lesions in the nsf
open reading frame and rescue of the mutant phenotype
by injection with synthetic nsf mRNA. Visual perception
and motility are impaired in the mutants, likely resulting
from disruption of NSF function in neurotransmitter
release at synapses. These nsf mutants will facilitate
in vivo studies of NSF function in vertebrate synaptic
transmission. In addition, via analyses of genetic
chimeras and larvae treated with pharmacological inhib-
itors of synaptic transmission and action potentials, we
have uncovered a new role for nsf in neurons, indepen-
dent of its function in synaptic transmission, in organiz-
ing myelinated axons.
Role of NSF in Membrane Fusion
and Synaptic Transmission
NSF was initially identified through its ability to restore
transport between Golgi cisternae in a cell-free system
wherein membrane fusion had been disrupted by the
sulfhydryl alkylating agent N-ethylmaleimide [9]. Ortho-
logs of NSF are present throughout eukaryotes and are
thought to facilitate membrane fusion in all cells by dis-
assembling SNARE complexes and possibly priming
SNARE proteins for fusion, thereby maintaining a readily
available pool of SNARE proteins for further fusion
events [36]. In addition to its function in constitutive
membrane fusion, NSF plays a key role in synaptic
transmission, where it is required for fusion of neuro-
transmitter-containing vesicles with presynaptic mem-
branes [11–15]. Zebrafish Nsf is highly similar (over90%) at the amino acid level with other vertebrate NSF
orthologs. In addition, like NSF in other vertebrates
[27] and Dnsf1 in Drosophila [37], zebrafish nsf is ex-
pressed primarily in the nervous system.
Given the role of NSF in constitutive membrane fusion,
it was surprising that zebrafish nsf mutants were largely
normal in morphology, with mutant phenotypes pre-
dominantly observed in the nervous system. The ab-
sence of defects in most cell types suggests that nsf
function in general membrane fusion may be effected
by maternally supplied transcripts or the duplicate nsf
gene. Such partitioning of nsf function is observed in
Drosophila, which also possesses two nsf genes [38,
39]. As in other cases where zebrafish duplicates func-
tion in different stages and cell types [40], partitioning
of NSF roles between the zebrafish duplicates may facil-
itate precise context-dependent dissection of NSF func-
tion in vertebrates.
Requirement for NSF in Synaptic Transmission
Drosophila adults homozygous for the temperature-
sensitive mutation comatose, which disrupts nsf func-
tion in the nervous system [12, 39], are paralyzed at
restrictive temperatures [41]. Ultrastructural analysis of
synapses in mutant flies showed accumulation of
docked synaptic vesicles, indicating that neurotransmit-
ter-mediated synaptic transmission is impaired in these
mutants [14]. The zebrafish nsf mutants were similarly
paralyzed, suggesting that disrupted synaptic transmis-
sion caused this aspect of the mutant phenotype. In ad-
dition, nsf mutants exhibited a background adaptation
defect, which is an indicator of impaired visual function.
Both the motility defects and background adaptation
phenotypes were also induced by pharmacological inhi-
bition of action potentials by TTX and of synaptic trans-
mission by BoNT/B. These results indicate that defects
in motility and the visual system in nsf mutants arise
from disruption of the essential function of NSF in syn-
aptic transmission and neural activity. Our analysis of
nsf mutants and toxin-treated larvae indicates that
only a small number of neurons in the larval nervous
system require synaptic function and neural activity for
survival.
Synapse-Independent Neuronal Requirement
for nsf in Organizing the Node of Ranvier
There are at least two possible explanations for disrup-
tion of nodes of Ranvier in nsfmutants. First, there could
be a previously undefined requirement for synaptic
function in establishing the nodes of Ranvier. Second,
NSF could have a novel role in organizing myelinated
axons that is independent of synaptic function and neu-
ral activity. Such a role is not without precedent, as re-
cent studies have defined binding partners and activities
of NSF that do not relate to its role in membrane fusion
[16]. The functional consequences of most of these
interactions are not clear, but current evidence points
to possible roles for NSF in intracellular transport or reg-
ulation of target protein expression at the cell surface.
An intriguing parallel to the requirement of nsf in sodium
channel localization to nodes is the finding that certain
voltage-gated calcium channels require interaction
with SNARE proteins—key substrates of NSF—for local-
ization to synapses [42].
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focused on the posterior lateral line nerve (PLLn), a
prominent myelinated nerve in the PNS. The expression
pattern of nsf indicated that it likely functions in PLLg
neurons, and the primary defect observed in the PLLn
of nsf mutants was a lack of sodium channel clusters
at the nodes of Ranvier. Although mbp mRNA expres-
sion is reduced in the PLLn of nsf mutants, Schwann
cells in nsf mutants appeared largely normal through 3
dpf and Mbp-expressing Schwann cells were present
along axons until 5 dpf, well after the time when sodium
channels normally cluster at nodes. Analysis of genetic
chimeras demonstrated that nsf functions autono-
mously in neurons: nodal sodium channel clusters
form in wild-type neurons transplanted into nsf mutant
hosts. These results identify Nsf as a neuron-intrinsic
factor with an essential function in establishing the
nodes of Ranvier. Based on specific localization of Nsf
protein to microvilli of myelinating Schwann cells, a pre-
vious study [28] proposed that NSF may function in glia
to facilitate organization of nodes. Our analysis of
genetic chimeras suggests that nsf functions primarily
in neurons to establish nodal sodium channel clusters,
but does not exclude other potential roles for nsf in glia.
To determine whether the myelination defects re-
sulted from impaired NSF function in synaptic transmis-
sion, we employed pharmacological approaches to dis-
rupt specific aspects of PLLn activity. TTX treatment did
not induce defects in sodium channel clustering or Mbp
expression in the PLLn, indicating that neural activity is
not required for these aspects of myelination. To further
dissect the role of nsf in node formation, we blocked
communication from presynaptic inputs via two sepa-
rate pharmacological treatments. Neomycin-induced
hair cell loss had no obvious effect on sodium channel
clustering. In addition, we blocked chemical synaptic
transmission throughout larvae with botulinum neuro-
toxin B (BoNT/B). Like nsf mutants, BoNT/B-treated
larvae had reduced PLLn nerves. The BoNT/B-treated
larvae, however, exhibited normal sodium channel clus-
tering and Mbp expression. Because the nsf mutants
display phenotypes not observed in TTX or BoNT/B-
treated larvae, we conclude that the requirement of nsf
in the organization of nodes of Ranvier is independent
of its role in chemical synaptic transmission and neural
activity.
Neural Activity and Myelination
Numerous studies have suggested that activity of neu-
rons may influence myelination. Depending on experi-
mental context, these studies have reported conflicting
results for the requirement of neural activity in the devel-
opment of CNS myelin [4]. Fewer studies have focused
on the role of activity in PNS myelination; these suggest
that certain frequencies of axonal firing can inhibit
Schwann cell differentiation in cultured cells [6]. It has
also been proposed that neural activity may regulate
the establishment of the nodes of Ranvier in myelinated
axons [8]. In this study, we have demonstrated that
neither elimination of action potentials nor inhibition of
chemical synaptic transmission appreciably affected
myelin gene expression or organization of nodes of
Ranvier in developing zebrafish. Results of these phar-
macological studies, therefore, indicate that neuralactivity is not required to initiate myelination in the de-
veloping CNS or PNS. Our experiments do not, however,
rule out possible roles for neural activity in maturation or
fine adjustments of myelinated axons. Further studies of
myelination in zebrafish will clarify the relationship be-
tween neural activity and tuning of myelinated axons.
Conclusions
The mutants described in this study provide a novel
model for study of nsf function in vertebrates. Zebrafish
nsf mutants are paralyzed and have impaired visual
function, reflecting the essential role of nsf in synaptic
transmission and neural activity. Strikingly, the nsf mu-
tants also exhibited failure of sodium channel clustering
along myelinated axons at the nodes of Ranvier. Analy-
sis of genetic chimeras indicated that nsf functions
within myelinating axons to organize these specialized
domains. Pharmacological inhibition of neural activity
and chemical synaptic transmission phenocopied the
motility and visual defects observed in nsf mutants.
Clustering of sodium channels at the nodes of Ranvier,
however, was largely normal in toxin-treated embryos.
These results reveal a new role for nsf in neurons, inde-
pendent of its role in synaptic activity, in the organiza-
tion of the nodes of Ranvier.
Experimental Procedures
Fish Strains
Zebrafish embryos were raised at 28.5ºC and were staged according
to [43]. The nsf st25 and nsf st53 mutations were identified in a screen
for ENU-induced mutations that disrupt expression of mbp at 5 dpf
(H.-M.P., N. Sternheim, B. Diamond, D.A.L., I.G.W., and W.S.T.,
unpublished data). The foxd3::gfp strain was kindly provided by
D. Gilmour [18].
Genetic Mapping and Positional Cloning of nsf st25 and nsf st53
The st25 and st53 mutations were genetically localized via bulked
segregant analysis with PCR-based simple sequence length poly-
morphisms (SSLPs) via standard methods [44]. Fully sequenced
BACs within the st25 interval were identified from the zebrafish
fpc database (http://www.sanger.ac.uk/Projects/D_rerio/WebFPC/
zebrafish). Predicted coding regions of these BACs were employed
in additional mapping experiments to further refine the st25 interval.
Genomic DNA fragments from the nsf region of multiple st25, st53,
and wild-type sibling embryos were amplified and sequenced to
identify the lesions in the two alleles.
To genotype individual larvae in the phenotypic analyses, the st25
mutation was scored in genomic DNA samples via an AcuI length
polymorphism at the location of the st25 lesion (primers,
50-AAAAATGCTAATTGTTGGAATGA-30 and 50-AACGTAGTATAACT
TGGGTTTTTGC-30); similarly, st53 individuals were genotyped with
an RsaI polymorphism at the st53 lesion (primers, 50-CAACCAAGA
GGACTATTCCAGGTA-30 and 50-AGAGAGCTCACCCTCCAGAA-30).
Microinjections and Transplantations
For the rescue experiments and the botulinum toxin experiments,
embryos were injected through their chorions with approximately
500 pL of solution at the 1–4 cell stage. Synthetic nsfmRNA was gen-
erated with the SP6 mMessage mMachine kit (Ambion) after linear-
ization with NotI and was diluted in 0.2 M KCl with 5 mg/mL Phenol
Red prior to injection. Botulinum toxin (Calbiochem) was injected
into embryos in 1 mg/mL or 0.1 mg/mL solutions as previously de-
scribed [35]. Embryos that were immotile and lacked severe mor-
phological defects at 5 dpf were selected for further analysis. Tetro-
dotoxin (TTX) was injected in a 0.5 mM solution in 13 Danieau buffer
with 5 mg/mL Phenol Red. Embryos between 26 and 30 hpf were
anesthetized in 0.016% (w/v) Tricaine and immobilized in 1.5% low
melting point agarose, and TTX or control solutions were injected
into eye or tectal regions. Larvae that were immotile at 5 dpf were
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647selected for further analysis. Transplantation experiments were per-
formed as described previously [45].
In Situ Hybridization and Fluorescent Antibody Labeling
In situ hybridization was performed with standard protocols. The
mbp probe has been described previously [46]. A full-length nsf
cDNA (GenBank accession BC050490) in the pME18S vector was
obtained from Open Biosystems. This cDNA was subcloned by
high-fidelity PCR into the pCS2+ expression vector and was re-
sequenced to ensure that no errors were introduced by PCR. Ribo-
probes were generated by linearizing this construct with HindIII,
followed by polymerization with T7 RNA polymerase.
The sodium channel antibody (Sigma, clone K58/35, 1:500 [19]),
the FIGQY antibody (gift of M. Rasband, 1:1000), and the acetylated
tubulin antibody (Sigma, 1:1000) were each used at the indicated
dilutions. The Mbp antibody has been described previously [46].
Neomycin Treatment
Beginning at 36 hpf, manually dechorionated embryos were im-
mersed in embryo medium containing appropriate concentrations
of neomycin sulfate (Sigma). Solutions were changed twice daily,
with approximately 12 hr between changes, until 5 dpf. Hair cell
death was confirmed at 5 dpf in a subset of neomycin-treated em-
bryos by DASPEI staining as previously described [33].
Supplemental Data
Supplemental Data include five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://
www.current-biology.com/cgi/content/full/16/7/636/DC1/.
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